sequencing, termed sequencing by hybridization (SBH), has been proposed (1-3). This method uses a set of short oligonucleotide probes of defined sequence to search for complementary sequences on a longer target strand of DNA. The hybridization pattern is then used to reconstruct the target DNA sequence. It is envisioned that hybridization analysis of large numbers of probes can be used to sequence long stretches of DNA. In more immediate applications of hybridization methodology, a small number of probes can be used to interrogate local DNA structure.
Conventional DNA sequencing technology is a laborious procedure requiring electrophoretic size separation of labeled DNA fragments. An alternative approach to de novo DNA sequencing, termed sequencing by hybridization (SBH), has been proposed (1) (2) (3) . This method uses a set of short oligonucleotide probes of defined sequence to search for complementary sequences on a longer target strand of DNA. The hybridization pattern is then used to reconstruct the target DNA sequence. It is envisioned that hybridization analysis of large numbers of probes can be used to sequence long stretches of DNA. In more immediate applications of hybridization methodology, a small number of probes can be used to interrogate local DNA structure.
The strategy of SBH can be illustrated by the following example. A 12-mer target DNA sequence, AGCCTAGCT-GAA, is mixed with a complete set of octanucleotide probes. If only perfect hybridization complementarity is considered, 5 of the 65,536 octamer probes-TCGGATCG, CGGAT-CGA, GGATCGAC, GATCGACT, and ATCGACTT-will hybridize to the target. Alignment of the overlapping sequences from the hybridizing probes reconstructs the complement of the original 12-mer target:
TCGGATCG CGGATCGA GGATCGAC GATCGACT ATCGACTT TCGGATCGACTT Hybridization methodology can be carried out by attaching target DNA to a surface. The target is then interrogated with a set of oligonucleotide probes, one at a time (4, 5) . This approach can be implemented with well-established methods of immobilization and hybridization detection but involves a large number of manipulations. For example, to probe a sequence utilizing a full set of octanucleotides, tens of thousands of hybridization reactions must be performed.
Alternatively, SBH can be carried out by attaching probes to a surface in an array format where the identity ofthe probe at each site is known. The target DNA is then added to the array of probes. The hybridization pattern determined in a single experiment directly reveals the identity of all complementary probes. The testing of this SBH format has required the development of new technologies for the fabrication of oligonucleotide arrays (6, 7) . Most recently, an oligonucleotide array of 256 octanucleotides was generated using a solution-channeling device to direct the oligonucleotide probe synthesis into 3 x 3 mm sites (7) . In this format, the resolution limit of approximately 1 x 1 mm may ultimately limit the number of probes that one can synthesize on a substrate of a manageable size (7) .
We report here a method by which light is used to direct the synthesis of oligonucleotide probes in high-density, miniaturized arrays. Photolabile 5'-protected N-acyl-deoxynucleoside phosphoramidites, surface linker chemistry, and versatile combinatorial synthesis strategies have been developed for this technology. A matrix of 256 spatially defined oligonucleotide probes was generated, and the ability to use the array to identify complementary sequences was demonstrated by hybridizing fluorescently labeled octanucleotides. The hybridization pattern demonstrates a high degree ofbase specificity and reveals the sequence of oligonucleotide targets.
MATERIALS AND METHODS
The basic strategy for light-directed oligonucleotide synthesis (6) is outlined in Fig. 1 . The surface of a solid support modified with photolabile protecting groups (X) is illuminated through a photolithographic mask, yielding reactive hydroxyl groups in the illuminated regions. A 3'-O-phosphoramiditeactivated deoxynucleoside (protected at the 5'-hydroxyl with a photolabile group) is then presented to the surface and coupling occurs at sites that were exposed to light. Following capping, and oxidation, the substrate is rinsed and the surface is illuminated through a second mask, to expose additional hydroxyl groups for coupling. A second 5'-protected, 3'-Ophosphoramidite-activated deoxynucleoside is presented to the surface. The selective photodeprotection and coupling cycles are repeated until the desired set of products is Abbreviations: SBH, sequencing by hybridization; MeNPoc-, a-methyl-6-nitropiperonyloxycarbonyl-; DMT, 4,4'-dimethoxytrityl chloride.
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Proc. Natl. Acad. Sci. USA 91 (1994) 5023 obtained. Since photolithography is used, the process can be miniaturized to generate high-density arrays of oligonucleotide probes. Furthermore, the sequence of the oligonucleotides at each site is known.
5'-Photolabile N-AcyI-deoxynudeoside-3'-O-phosphwamidites. Two factors enter into the design of photolabile 5'-hydroxyl protecting groups. Because the bases have strong n-7* transitions in the 280-nm region, the deprotection wavelength should be longer than 280 nm to avoid undesirable nucleoside photochemistry. In addition, the photodeprotection rates of the four deoxynucleosides should be similar so that light will equally effect deprotection in different illuminated synthesis sites. To meet these criteria we have developed a set of 5'-O-(a-methyl-6nitropiperonylox-ycarbonyl)-N-acyl-2'-deoxynucleosides (MeNPoc-N-acyldeoxynucleosides) and measured their photokinetic behavior.
The synthetic pathway for preparing 5'-O'-(a-methyl-6ni-tropiperonyloxycarbonyl)-N-acyl-2'-deoxynucleoside phosphoramidites (MeNPoc-N-acyl-2'-deoxynucleoside phosphoramidites) is illustrated in Scheme I. In the first step, an N-acyl-2'-deoxynucleoside reacts with 1-(2-nitro-4,5-methylenedioxyphenyl)ethyl-l-chloroformate to yield 5'-MeNPoc-N-acyl-2'-deoxynucleoside. In the second step, the 3'-hydroxyl reacts with 2-cyanoethyl N,N'-diisopropylchlorophosphoramidite using standard procedures to yield the In a light-directed synthesis, the overall synthesis yield depends on the photodeprotection yield, the photodeprotection contrast, and the chemical coupling efficiency. Photokinetic conditions are chosen to ensure that photodeprotection yields are >99%o. Unwanted photolysis in normally dark regions of the substrate can adversely affect the synthesis fidelity and can be minimized by using lithographic masks with a high optical density (5 OD units) and by careful index matching of the optical surfaces.
Two different methods were developed to investigate the chemical coupling efficiencies of the photoprotected nucleosides. First, the efficiencies were measured on hexaethylene glycol derivatized control pore glass. The glycol linker was detritylated and a MeNPoc-deoxynucleoside-O-cyanoethyl phosphoramidite coupled to the resin. Next, a DMTdeoxynucleoside-cyanoethyl phosphoramidite (reporter amidite) was added. The reporter amidite should couple to any unreacted hydroxyl groups remaining from the first coupling reaction. Following DMT deprotection, the trityl effluents were collected and quantified by absorption spectroscopy. In this assay, the coupling efficiencies are measured assuming a high coupling efficiency of the reporter amidite. The efficiencies of the MeNPoc-deoxyribonucleoside-O-cyanoethyl phosphoramidites to the hexaethylene glycol linker and the 16 different dinucleotide efficiencies were measured. The values ranged between 95% and 100%6 in this assay and were indistinguishable from values obtained with standard DMTdeoxynucleoside phosporamidites.
To measure the coupling efficiency of the photoprotected nucleosides directly on the glass synthesis supports, each of the four MeNPoc-amidites was coupled to a substrate. A section of the substrate was deprotected by illumination and allowed to react against a MeNPoc-phosphoramidite. A new region of the substrate was then illuminated, a fluorescent deoxynucleoside phosphoramidite (FAM-phosphoramidite; Applied Biosystems) was coupled, and the substrate was scanned for fluorescence signal. Assuming that the fluorescently labeled phosphoramidite reacts at both the newly exposed hydroxyl groups and the previously unreacted hydroxyl groups, then the ratio of fluorescence intensities between the two sites provides a measure of the coupling efficiency. This measurement of the surface chemical coupling yields efficencies ranging between 85% and 98%.
RESULTS
Spatfally Directed Synthesis of an Oligonucleotide Probe. To initiate the synthesis of an oligonucleotide probe, MeNPocdCibu-3'-O-phosphoramidite was attached to a synthesis support through a linker (hexaethyloxy-O-cyanoethyl phosphoramidite). Regions of the support were activated for synthesis by illumination through 800 x 12800 ,m apertures of a photolithographic mask. Seven additional phosphoramidite synthesis cycles were performed (with DMT-protected deoxynucleosides) to generate the sequence 3'-CGCATCCG. Following removal of the phosphate and exocyclic amine protecting groups with concentrated NH4OH for 4 hr, the substrate was mounted in a water-jacketed thermostatically controlled hybridization chamber.
Hybridization of Targets to Surface Oligonudeotides. To explore the availability of the support-bound octanucleotide probes for hybridization, 10 nM 5'-GCGTAGGC-fluorescein was introduced into the hybridization chamber and allowed to incubate for 15 min at 15°C. The surface was then interrogated with an epifluorescence microscope (488-nm argon ion excitation). The fluorescence image of this scan is shown in Fig. 2 . The fluorescence intensity coincides with the 800 x 12800 pm stripe used to direct the synthesis of the probe.
Furthermore, the signal intensities are high (four times over The melting behavior of the target-probe complex was investigated by increasing the temperature in the hybridization chamber. After 10 min of incubation at each temperature, no significant changes in the fluorescence were observed, and the fluorescence intensities were recorded. The duplex melted in the temperature range expected for the sequence under study. The probes were stable to temperature denaturation ofthe target-probe complex as demonstrated by rehybridization of target DNA.
Sequence Specificity of Target Hybridization. To demonstrate the sequence specificity of probe hybridization, two different sequences were synthesized in 800 x 12800 pEm stripes. Fig. 3A identifies the location of the two probes. The probe 3'-CGCATCCG was synthesized in stripes 1, 3, and 5. The probe 3'-CGCTTCCG was synthesized in stripes 2, 4, and 6 . Fig. 3B shows the results of hybridizing 5'-GCG-TAGGC-fluorescein to the substrate at 15°C. Although the probes difer by only one internal base, the target hybridizes specifically to its complementary sequence (-500 counts above background in stripes 1, 3, and 5) with little or no detectable signal in positions 2, 4, and 6 (-10 counts). Fig. 3C shows the results of hybridization with targets to both sequences. The signal in all positions in Fig. 3C illustrates that the absence of signal in Fig. 3B is due solely to the instability of the single base hybridization mismatch. Although the targets are present in equimolar concentrations, the ratios of signals in stripes 2, 4, and 6 in Fig. 3B order (Fig. 3 D and E) , demonstrating specificity of hybridization in the reverse direction.
Combinatorial Synthesis of a Probe Matrix. In a lightdirected synthesis, the location and composition ofproducts depend on the pattern of illumination and the order of chemical coupling reagents (6) . Consider the synthesis of 256 tetranucleotides, as illustrated in Fig. 4 . Mask 1 activates one-fourth of the substrate surface for coupling with the first of 4 nucleosides in the first round of synthesis. In cycle 2, mask 2 activates a different quarter of the substrate for coupling with the second nucleoside. The process is continued to build four regions of mononucleotides. The masks of round 2 are perpendicular to those of round 1, and each cycle generates four new dinucleotides. The process continues through round 2 to form 16 dinucleotides as illustrated in Fig.  4 . The masks of round 3 further subdivide the synthesis regions so that each coupling cycle generates 16 timers. The subdivision of the substrate is continued through round 4 to form the tetranucleotides. The synthesis of this probe matrix can be compactly represented in polynomial notation (6) DISCUSSION Arrays of oligonucleotides can be efficiently generated by light-directed synthesis and can be used to determine the identity of DNA target sequences. As shown here, an array of all tetranucleotides was produced in 16 cycles requiring 4 hrto complete. Because combinatorial strategies are used (6), the number of compounds increases exponentially while the number of chemical coupling cycles increases only linearly. For example, expanding the synthesis to the complete set of 4 (65,536) octanucleotides will add only 4 hr to the synthesis for the 16 additional cycles. Furthermore, combinatorial synthesis strategies can be implemented to generate arrays of any desired composition (6) . For example, since the entire set of dodecamers (412) can be produced in 48 photolysis and coupling cycles (1, compounds requires b x n cycles), any subset of the dodecamers (including any subset of shorter oligonucleotides) can be constructed with the correct lithographic mask design (6) 
